The simultaneous measurement of structural and chemical information at the atomic scale provides fundamental insights into the connection between form and function in materials science and nanotechnology. We demonstrate structural and chemical mapping in Bi 0:5 Sr 0:5 MnO 3 using an aberrationcorrected scanning transmission electron microscope. Two-dimensional mapping is made possible by an adapted method for fast acquisition of electron energy-loss spectra. The experimental data are supported by simulations, which help to explain the less intuitive features. DOI: 10.1103/PhysRevLett.99.086102 PACS numbers: 68.37.Lp, 02.50.Sk, 61.85.+p, 79.20.Uv In his famous talk, Plenty of Room at the Bottom (1959) [1], Richard P. Feynman said ''It would be very easy to make an analysis of any complicated chemical structure; all one would have to do would be to look at it and see where the atoms are. The only trouble is that the electron microscope is 100 times too poor. . . I put this out as a challenge: Is there no way to make the electron microscope more powerful?'' Feynman was talking about a conventional transmission electron microscope and considerable progress has been made to meet this challenge in the intervening period. We will consider the use of a highresolution scanning transmission electron microscope (STEM) which, rather than illuminating a specimen with a plane wave, scans a small Å ngström-sized probe across the sample. At each probe position, electrons which have been scattered through large angles, usually by interaction with a phonon (Z-contrast imaging), can be recorded to obtain a projection of the atomic structure. Electron energy-loss (EEL) spectra can be simultaneously recorded to provide chemical identification and explore local bonding and other electronic properties [2] . Research in nanoscience and technology, protein structure and folding, and the structure of cell membranes, to name just a few, are all areas where knowledge of structure and function at the atomic level is essential.
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The correlation of structure, composition, and physical properties using high-resolution STEMs has predominantly been achieved by using the Z-contrast image as a probe position reference to record energy-loss spectra at select, structurally significant points [3, 4] . With the latest generation of aberration-corrected microscopes [5] , recording energy-loss scans along a contiguous sequence of points is possible [6, 7] , although it is not routine. Overcoming the restriction of EEL studies to predetermined regions of interest will enable a broader investigation of structure-composition-property relations. Implementing this is complicated by recent suggestions that high-resolution STEM images, both Z-contrast and EEL images, do not always admit direct, visual interpretation [4, [8] [9] [10] [11] [12] [13] . There are three interrelated reasons for this: (i) the elastic scattering or dynamical spreading of the electron probe; (ii) the electron ''absorption'' (due to phonon excitation); and (iii) the delocalized and partially coherent nature of the inelastic scattering processes, which can lead to a nonintuitive connection between the probe density in the sample and the size of the recorded signal. These complications are particularly difficult to identify if only point or line scan data are available [14] . EEL mapping in two dimensions, as demonstrated here, allows more convincing comparisons with simulations based on shape than is possible for line scans, and will help our understanding of these processes.
The restriction to EEL line scans at atomic resolution arises because the scattering cross section for innershell ionization processes is relatively low. Adequate counting statistics for Z-contrast images are obtained with millisecond dwell times, whereas dwell times for EEL spectra need to be of the order of tenths of a second, comparable to the time scale on which beam damage, specimen drift, and other mechanical instabilities manifest themselves. The construction of highly stable microscope environments and the ongoing developments in aberration correction (which enable an increase in beam current) are continually improving the situation and, as we report here, by carefully eliminating systematic noise in the EEL spectral acquisition and using multivariate statistical analysis techniques, it is now possible to obtain two-dimensional compositional maps at atomic resolution.
The specimen used for the present study is Bi 0:5 Sr 0:5 MnO 3 , a new material that shows colossal magnetoresistant behavior [15] . It is also one of the few materials that shows ''charge ordering'' at room temperature [16 -18] . The compound was synthesized from high-purity precursors by several sintering and pressing cycles as described elsewhere [19] . Neutron and x-ray powder diffraction showed that the material is not an ideal perovskite, but possesses lattice distortions that are most evident in the inclination of the oxygen octahedra about the manganese sites. The bismuth and strontium cations are distributed at equivalent lattice sites in a nonordered manner throughout the compound.
The specimen was imaged along the three zone axes h001i, h110i and h111i (where the labeling is based on the approximate cubic perovskite structure). The data were acquired using the VG HB501 dedicated STEM at the SuperSTEM facility in Daresbury, UK. This 100 kV machine, fitted with a Nion spherical aberration corrector and Gatan Enfina EEL detector, has enjoyed much success in structure determination at atomic resolution using Z-contrast imaging [20, 21] . The probe-forming semiangle and EEL detector collection semiangle were both around 24 mrad. EEL spectra were taken with a 0.2 s collection time, giving a total acquisition time per data set of around 10 min.
EEL spectrum images from a rectangular specimen area [22, 23] were acquired with the method of binned gain averaging. As will be discussed elsewhere, this method improves the speed with which EEL spectra are acquired, while optimally suppressing systematic detector gain. With binned gain averaging, no gain or dark current corrections are used during EEL acquisition; these corrections are done afterwards. The spectra are acquired with full onchip binning, while the position of the EEL spectra on the detector CCD is constantly varied. Postacquisition alignment of the spectra corrects systematic detector gain by averaging correlated intensity in the spectral channels. Thermal excitation of charge in the CCD pixels-dark current -is corrected for by the postacquisition subtraction of a constant value from all spectra. Figure 1 shows a typical example of an EEL spectrum after alignment and dark current subtraction. The spectral features of interest, the oxygen K edge and the manganese L 2;3 edge, are situated on a sloping background signal that should be removed to obtain the accurate oxygen or manganese intensities. The relatively low signal-to-noise ratio of the individual spectra prevents an accurate fit of a power-law curve, which is the conventional model to remove the background signal. The robustness of the background fit is greatly enhanced by first applying principal component analysis (PCA) to remove the random spectral noise [24] . As shown in Fig. 1 , power-law fits are applied to the preedge intensities of the PCA-reconstructed spectra and these background signals are subtracted from the original spectra. This routine is applied to extract both the oxygen signal and the manganese signal. The backgroundsubtracted oxygen and manganese intensity for all spectra were integrated over a 30 eV window above their respective thresholds to produce EEL maps. This energy range avoids major multiple scattering effects which are strongest at higher energy losses. Figures 2 -4 show experimen-
1. An example of a single EEL spectrum, taken from the left-hand corner of the EEL data set in Fig. 2 . The circles show the raw spectrum after subtracting the dark current. The thick gray line is the principal component analysis reconstruction of the raw spectrum, as calculated from the first three principal components of the whole EEL data set of Fig. 2 . The thin gray line is a power-law fit to the reconstructed spectrum, using a 20 eV wide window before the oxygen K edge. The thin black line shows the background-subtracted raw spectrum, which is used for further analysis. The EEL maps were generated by integrating the EEL spectra over a 30 eV window above the respective ionization threshold. This is shown in gray shading on the spectra to the right, which are summations of all the spectra in the adjacent EEL maps. The Z-contrast image is the summation of three cross-correlated single images, taken from the same area, with the same experimental settings as the EEL maps. The simulations assume a 330 Å thick sample.
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086102-2 tal and simulated Z-contrast images, together with EEL maps of the oxygen and manganese signal for the three orientations. The acquisition parameters were identical for the Z-contrast and EEL measurements. The specimen thicknesses, determined using low-loss spectra from the same area, are estimated at 31.3-35.8 nm, 12.0 -12.5 nm, and 35-45 nm for the h001i, h110i, and h111i oriented samples respectively -the large spread in the last being attributed to beam damage as will be discussed later.
The ''orth 1'' atomic structure at 300 K given in Ref. [19] is used as input to the direct simulations. These are Bloch wave simulations based on effective inelastic scattering potentials calculated using the method described in Ref. [25] , accounting for the Bi=Sr columns using fractional occupancy. The aberration-balanced system is modeled as aberration-free within the 24 mrad probe-forming aperture -an assumption which may account for some of the discrepancy between measured and simulated resolutions. The Z-contrast images were simulated for a 60 -160 mrad annular dark field detector. The EEL images were simulated with a 24 mrad detector semiangle and a 30 eV collection window above the ionization threshold. For the present experiment, the demagnification of the effective electron source was slightly lower than that for optimal resolution to enhance the current in the probe for better EEL counting statistics. To account for this finite width of the effective source, all simulated images were convolved with a Gaussian of half-width 0.8 Å [26] . This number, obtained by best visual comparison with the experimental data, still permits the imaging of the 0.14 nm dumbbell structure in silicon along the h110i zone axis, consistent with results obtained from this STEM under similar operating conditions.
A few features of these images warrant comment. In the simulated oxygen image in Fig. 2(b) , the signal on the Mn=O column is smaller than that on the pure oxygen columns, despite the identical oxygen densities. This is a consequence of the different scattering and absorption caused by the presence of manganese. However, the difference is too small to be evident in the experimental image. More pronounced dechanneling effects can be seen in the oxygen map of Fig. 3(b) , where the signal is smallest on the Bi=Sr=O column, though admittedly in this orientation the oxygen density on these columns is half that on the clearly visible pure oxygen columns. More intriguingly in this image, the simulations show evidence of the inclination of the MnO 6 octahedra through the alternating displacements in oxygen position when looking along horizontal rows in the figure. A hint of this behavior is also seen in the experimental data.
Specimen damage was only observed in the h111i orientation. The experimental oxygen map in Fig. 4(b) has less intensity in the lower part, towards the end of the EEL acquisition, indicating a decrease of oxygen content. The manganese map is more uniform. However, a shoulder on the low-energy side of the manganese L 3 edge becomes more pronounced for spectra in the lower part of the data set. Systematic studies [27, 28] in combination with the oxygen map indicate the partial reduction of the manganese cations due to electron beam-induced specimen damage. This effect necessitated the selection of a relatively thick area for the h111i measurements of Fig. 4 . The fact that no beam damage was observed in the h001i and h110i orientation indicates that the threshold energy for specimen damage is orientation dependent, which can be explained from the highly anisotropic structure of the material. Of all three Figs. 2 -4 , the h111i orientation with its 35-45 nm thickness gives the least intuitive EEL maps. The oxygen image, Fig. 4(b) , has high intensity on the oxygen columns, as might be expected. Propagation effects are of secondary significance to this image; a similar spatial distribution is observed in simulations for a single cell thickness. In Fig. 4(c) , however, the manganese signal is smallest on the Bi=Sr=Mn columns, the only columns containing manganese. The gray scale images, plotting minimum to maximum as black to white, obscure the relatively low contrast variation which is more obvious in the experimental than the simulated data. The dip at the Bi=Sr=Mn columns is a consequence of the strong absorption of that column; the strong signal between these columns is a consequence of probe spreading towards the manganese-containing columns. The brighter ring about the Bi=Sr=Mn columns indicates the range of significant interaction with the delocalized ionization potential. In summary, we have shown that the ability to record two-dimensional EEL maps greatly aids the interpretation of compositional information in terms of sample and chemical structure. Aberration-corrected STEMs are now in a position to investigate and correlate structural, chemical, and functional information at atomic resolution in two dimensions.
V The shoulder on the low-energy side of the manganese L 3 edge (inset) becomes more pronounced from top to bottom in the EEL data, indicating a reduction of the manganese cations during acquisition. The simulations assume a 400 Å thick sample.
